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Molecular dynamics simulations of various Ar clusters, with the size ranging 1 to 50000 and the en-
ergy up to totally 50keV, impacting on Si surfaces were performed. The cluster size and incident en-
ergy dependence on damage formation was examined. Two cluster-size depending parameters, the 
threshold energy to cause displacements and displacement yield, were proposed and modeled. These 
two parameters showed non-linearity depending on cluster size. The model function using above pa-
rameters reproduced the characteristics of damage formation by cluster ion impact. Two specific clus-
ter sizes to cause maximum and no displacements on the surface were discussed, which is expected to 
provide useful information about optimized cluster ion beam conditions for various surface modifica-
tion and thin film formation processes. 
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Cluster is an aggregation of large amount of molecules and its impact process on solid sur-
face is very different from that of monomer ions. The difference is due to that, in the collisional proc-
ess of cluster and surface, large number of interactions occur between cluster and surface atoms within 
very narrow region (~100nm square) and within very short time (~several ps). This high-density colli-
sional process causes ‘non-linear effect’, which cannot be explained by the simple summation of in-
dependent event by monomer ion impact. 
Various applications are expected by utilizing the non-linear effect of cluster ion impact [1-3]. 
The non-linear effect depends on various parameters of cluster ion irradiation, such like the atomic 
species, incident energy and cluster size. In order introduce the cluster ion beam process to industrial 
applications, it is important to clarify the relationship between the non-linear effect and the irradiation 
condition of cluster ion. 
In this paper, the computer simulations of cluster ion impacting on solid surface were per-
formed. The relationship between the number of displacements and energy and size of incident cluster 





In order to study the collisional process between large cluster and solid surface, molecular 
dynamics (MD) simulations of Ar cluster impacting on Si(001) surface were performed. MD simula-
tion is one method of computer simulation to solve numerically the Newton’s equation of motion for 
each atom in the system using difference equation technique, so MD can make it possible to trace the 
time evolution of coordinates and velocity for every atom with high resolution. In this simulation, the 
interatomic potentials were described with Stillinger and Weber model [4] for Si-Si, and ZBL (Ziegler, 
Littmark, and Biersack) model [5] for Ar-Si, and Ar-Ar. The detail about simulation program is written 
in ref. [6]. 
Under recent experimental condition, large Ar gas cluster is generated by inletting 
high-pressure Ar gas source through laval nozzle [7]. The size of generated cluster ranges from several 
hundreds to several tens of thousands. Then, these neutral clusters are ionized, accelerated to several to 
several tens keV, and irradiated on the solid target. In this work, the similar simulation condition to 
experiments were performed; Ar cluster with the size ranging from 1(monomer) to 50000 were irradi-
ated at the energy of up to 50keV. Large Si(001) target which consists of about 2000000 atoms, with 
the dimension of 400Å×400Å×200Å was prepared. This is because that irradiated Si target should be 
enough large to receive the energy induced by cluster impact; for example, when 20keV of total en-
ergy are deposited on the target, each target atom gains 0.025eV. 
In this study, the number of displacements at the cluster impact is examined. The displaced 
atom is defined as an atom which is below 2.5Å from the surface level and which potential energy is 
above 0.2eV from bulk status [8]. The MD simulations were performed for 8ps, which is enough long 
to observe the impact process of cluster and solid target, such like penetration and re-evaporation of 
cluster atom, formation and relaxation of displaced target atoms. 
 
RESULTS AND DISCUSSION 
 
Fig. 1 shows the snapshots of Ar2000 clusters with various incident energies impacting on 
Si(001) surface, 8ps after the impact. Large and small circles indicate Ar and Si atom, respectively, 
and displaced Si atoms are indicated as small gray circiles. When incident energy is 10eV/atom (to-
tally 20keV), the Ar cluster penetrates the Si surface. Large number of Si atoms are displaced spheri-
cally and a crater-like damage remains on the surface after the re-evaporation of incident Ar atoms. 
This crater-like damage is confirmed by in-situ STM observation of Si surface bombarded with Ar 
cluster ions [9]. As the incident energy decreases, penetration depth of cluster, depth and radius of cra-
ter decreases. When the incident energy is as low as 1eV/atom, as shown in Fig. 1, the cluster does not 
penetrate the surface but break-up on the surface. During the collisional process, some surface atoms 
are displaced, but the displaced length is small, so that, these displacements recover and no damage 
remains on the surface within several pico-seconds after the impact. 
The size and energy dependency of the number of displacements is examined using MD 
simulations. Fig. 2 shows the energy-per-atom (Ea) dependence of the number of displacements per 
atom (Da) for various sizes of Ar clusters. Da is given by dividing total number of displacements by the 
cluster size N. Fig. 2 indicates two N-depending trends; 
 
1. There is a threshold incident energy (T) to cause displacements in the target. T depends on the 
cluster size. 
2. If the incident energy is larger than T, Da increases proportionally to the incident energy. The 
increasing ratio (A) depends on the cluster size. 
 
From these characteristics, the size and energy dependency of displacements can be modeled by the 
following formula; 
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where T and A are aforementioned threshold energy and displacement formation yield, respectively. 
For each cluster size, fitting parameters for T(N) and A(N) in eq. (1) are calculated by least-square 
method. The size dependence of each parameter is shown in Fig. 3. As shown in Fig. 3, it is supposed 
















In eq. (2), T1 and A1 indicate the threshold energy and displacement formation yield for monomer ion, 
which are appropriate values compared to physical constant such like binding energy of Si-Si and pa-
rameters used by TRIM simulations. The power indices on N, τ and α, mean the degree of non-linear 
effect. The decrease of threshold energy and the enhancement of displacement yield are due to 
high-density particle irradiation effect by cluster impact. 
 Eq. (1) and (2) lead the relationship between N, Ea and Da, 
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and the model function provides the total number of displacements (Dt), 
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where Et is total incident energy of the cluster and is equal to N×Ea. Fig. 4 shows the comparison of 
the model function and simulation results, size dependence of number total displacements by cluster 
impact. Two model functions at Et=10keV, 20keV and 50keV are indicated by dashed lines, while 
symbols show the results calculated by MD simulations. The model function is formed from the re-
sults at N < 4000, but it agrees with MD results at the region of N > 4000 in the viewpoint that, at the 
Et of 20keV for example, Dt reaches maximum at the cluster size of several thousands and gives 0 at 
the size of several tens of thousands. Eq. (4) gives the cluster sizes where a cluster causes no dis-






































Fig. 5 shows the N0 and Nm for various total incident energy of cluster ion. Considering current irra-
diation condition of gas cluster ion beam ranges from several keV to several tens keV in acceleration 
energy, and from several hundreds to several tens of thousands in cluster size [6], it is supposed that 
various characteristic irradiation effect can be realized by selecting cluster size and incident energy. 
For example, when cluster ion is used for surface modification process, such as sputtering and surface 
smoothing, many surface atoms should be moved by cluster ion impact. Thus, it is considered that the 
preferable size distribution for these processes is around Nm; i.e. 4000 of mean size at 20keV of total 
incident energy. On the other hand, cluster ion assisted thin-film deposition is another expected appli-
cation. In the case of thin film formation, it is important to deposit kinetic energy by ion impact with-
out damage on the surface. As shown in Fig. 5, if the mean cluster size is 2000, required incident en-
ergy not to cause displacements on the surface is less than 3keV. However, it is reported that 
high-quality thin film, such like diamond like carbon and transparent conductive film are formed at 
5~7 keV of incident energy [2,3]. It is considered that the energy deposition effect is not sufficient at 
the energy of 3keV and the size of 2000, so the development of more large cluster formation is ex-




 Molecular dynamics simulations of large Ar cluster impacting on Si surface were performed. 
The cluster size and incident energy dependence on damage formation was examined. Two cluster-size 
depending parameters, the threshold energy to cause displacements and displacement yield, are intro-
duced. These two parameters show non-linearity depending on cluster size. As the cluster size in-
creases, the threshold energy decreases and the displacement yield increases. The model function us-
ing above parameters reproduced the characteristics of damage formation by cluster ion impact. When 
total incident energy is constant, the number of displacements increases with increasing cluster size, 
but there is specific number (Nm) to cause maximum number of displacements. If the cluster size is 
larger than that condition, the damage is reduced as the cluster size increases and reaches the cluster 
size where no displacement is generated (N0). These two specific cluster sizes, Nm and N0, are expected 
to provide the information about suitable cluster ion irradiation conditions such like cluster size and 
irradiation energy for various surface modification and thin-film formation technologies. 
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Figure 1: Snapshots of Ar2000 cluster with various incident energy-per-atom impacting on Si(100) sur-
face, 8ps after impact. 
Figure 2: Incident energy dependence of the number of displacements for various sizes of Ar clusters. 
Figure 3: Cluster size dependence of two modeling parameters of damage formation by cluster impact 
– threshold energy to cause displacements (left) and displacement formation yield (right). 
Figure 4: Cluster size dependence of total number of displacements by Ar clusters with total accelera-
tion energies of 10, 20 and 50keV. The dashed lines are model functions given by eq. (4). 
Figure 5: Total energy dependence of the cluster size to no displacement (thick line) and maximum 












Figure 1: Snapshots of Ar2000 cluster with various incident energy-per-atom impacting on Si(100) surface, 
8ps after impact. 
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Figure 3: Cluster size dependence of two modeling parameters of damage formation by cluster impact – 
threshold energy to cause displacements (left, T) and displacement formation yield (right, A). 
 
































Figure 4: Cluster size dependence of total number of displacements by Ar clusters with total acceleration 
energies of 10, 20 and 50keV. The dashed lines are model functions given by eq. (4). 
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Figure 5: Total energy dependence of the cluster size to no displacement (thick line) and maximum number 
of displacements (dashed line). 
